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We propose boosted dark matter (BDM) as a possible explanation for the excess of keV electron
recoil events observed by XENON1T. BDM particles have velocities much larger than those typical
of virialized dark matter, and, as such, BDM-electron scattering can naturally produce keV electron
recoils. We show that the required BDM-electron scattering cross sections can be easily realized in
a simple model with a heavy vector mediator. Though these cross sections are too large for BDM
to escape from the Sun, the BDM flux can originate from the Galactic Center or from halo dark
matter annihilations. Furthermore, a daily modulation of the BDM signal may be present, which
can be used as a smoking gun to distinguish it from various backgrounds.
INTRODUCTION
The XENON1T experiment has recently reported an
excess in their low energy electron recoil data, appear-
ing between 2-3 keV [1]. Three possible explanations are
proposed in [1] for this excess. The first possible explana-
tion is beta decays of tritium, which currently can neither
be confirmed nor ruled out due to our lack of knowledge
about the tritium concentration. The other two possible
explanations pursued in [1] are solar axions and anoma-
lous neutrino interactions.
However, the preferred values of couplings in the latter
two cases have already been firmly ruled out by existing
astrophysical constraints, particularly from stellar cool-
ing [2–4]. An attempt to explain this excess by light
bosonic dark matter (DM), either an axion-like particle
[5] or a dark photon, is also disfavored by the observed
energy spectrum of the excess; bosonic DM produces an
approximately mono-energetic peak, which does not fit
the data well. Given that the new physics explanations
proposed in [1] are disfavored, it is interesting and im-
portant to explore other possibilities that may cause the
observed excess.
The XENON1T experiment is designed to be a DM
direct detection experiment, sensitive to the interactions
of dark matter particles with the detector material. In-
teractions, either with xenon nuclei or electrons, can be
detected via prompt scintillation and/or delayed electro-
luminescence. The observed excess in electron recoils
cannot be due to typical DM particles scattering with
electrons, since a DM particle moving at virial velocity,
i.e. O(10−3) c, will result in an energy deposition that is
much smaller than the keV-scale excess.
Many theoretical models predict the existence of
boosted dark matter (BDM) in our Universe. With its
typical velocities much larger than the virial velocity,
BDM models are therefore generically capable of pro-
ducing an excess in electron recoils such as the one ob-
served. For example, the DM-induced nucleon decay pro-
cess studied in [6] produces BDM in its final state, while
semi-annihilation [16] and multi-component [8] DM mod-
els also yield BDM fluxes from the Sun or the Galactic
Center (GC). BDM flux searches have been proposed for
large volume neutrino experiments, and interesting pa-
rameter space has been covered by existing experiments,
such as Super Kamiokande [9], ProtoDUNE [10] and Ice-
Cube [11, 12], or will be covered by future experiments
such as DUNE [13–15].
In this study, we propose that the keV excess in elec-
tron recoils observed by XENON1T could be due to BDM
scattering on electrons. If mBDM  me, a typical energy
deposition from BDM-electron scattering of ∼ few keV
implies the velocity of the BDM must be O(0.1) c, thus
the BDM particle is only mildly boosted. Such a mild
boost makes searches based on large volume neutrino ex-
periments implausible because their energy thresholds for
electrons are just too high. In this case, DM direct de-
tection experiments are complementary to neutrino ex-
periments for BDM searches.
In the following sections, we present two example mod-
els which naturally produce a BDM flux. We consider
the flux of BDM particles both from the GC and the
Sun, and explore BDM-electron scattering as a plausi-
ble explanation for the XENON1T excess. We find that
including BDM-electron recoils can significantly improve
the fit to the data relative to the background only hy-
pothesis. The required scattering cross section can be
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2naturally explained by a simple model with a vector me-
diator. Finally, we note that the BDM signal may enjoy
a daily modulation which can help distinguish it from
background.
MODELS FOR BOOSTED DARK MATTER
It is well known that DM particles moving at virial
velocity are not capable of depositing energy as large as
a few keV when scattering with electrons. However, the
existence of a BDM flux is a natural prediction in many
well-motivated DM models. In the BDM scenario, some
fraction of DM particles are boosted such that their veloc-
ities are much larger than those typical of virialized DM.
Indeed, BDM scatterings with electrons would therefore
result in higher energy recoil signals. In this section, we
present two example models in which a BDM flux ap-
pears naturally.
The first example model is the semi-annihilation DM
model [16]. In this case, DM χ carries a Z3 symmetry,
and the BDM flux is produced through the following an-
nihilation process:
χ+ χ→ χ¯+X. (1)
Here X represent a particle which does not carry Z3
charge, which can be a SM particle or can eventually
decay to SM particles. The boost factor of the χ¯ in the
final state is
γχ =
5m2χ −m2X
4m2χ
. (2)
In the limit of mχ  mX , the boost factor reaches its
maximum of 1.25.
The second BDM model we study here is the two-
component DM model (see eg. [17] and subsequent work).
In this case, two particles ψA and ψB are both stable. We
assume ψA is heavier and is the dominant component of
DM. The annihilation of ψA particles produces boosted
ψB particles in the final state,
ψA + ψ¯A → ψB + ψ¯B . (3)
The boost factor of the ψB particles is simply the mass
ratio, i.e. γB = mA/mB .
BOOSTED DARK MATTER SOURCES
There are two promising sources to generate the BDM
flux: annihilation in the GC/halo, as well as capture and
annihilation in the Sun. Here we summarize the expected
flux from each source.
Assuming the DM follows an NFW profile [18], the
BDM flux from the full sky can be written as [8]
ΦBDMgal = 1.6× 10−6 cm−2s−1( 〈σannv〉
5× 10−26 cm3s−1
)(
10 GeV
mDM
)2
, (4)
where 〈σannv〉 is the total thermally-averaged DM anni-
hilation cross section at present time. We note that DM
can also be produce in a non-thermal manner, in which
case the DM annihilation cross section can be larger,
leading to a larger BDM flux from the GC. Though the
DM density peaks towards the GC, since XENON1T can-
not distinguish the direction of the incoming DM particle,
all sky directions should be included.
A second source for the BDM flux is the Sun. If DM
particles scatter on nuclei and are captured by the Sun,
DM can accumulate in the Sun’s core over time. The
solar capture rate can be approximated by [19]
C(mDM, σnucl) ' 2× 1022 s−1
×
(
σnucl
10−42 cm2
)(
10 GeV
mDM
)2
. (5)
For simplicity, this approximation assumes that the DM-
nucleon scattering cross section does not depend on the
relative velocity at leading order. If the leading order
cross section has a v2 dependence, the DM capture rate
can be enhanced by a factor of ∼ 25. We also note that
our choice of benchmark value for the DM-nucleon scat-
tering cross section of σnucl = 10
−42 cm2 corresponds to
the bound on the spin-dependent scattering cross section
obtained by DM direct detection experiments, see, e.g.
[22].
For typical choices of DM scattering and annihilation
cross sections, the Sun will reach a capture-annihilation
equilibrium1. In this case, the DM annihilation cross
section becomes irrelevant, and the BDM flux is fully de-
termined by the DM capture rate, which is characterized
by the DM-nucleon scattering cross section, σnucl. Thus,
the BDM flux can be written as
ΦBDMsun =
C(mDM, σnucl)
4piAU2
(6)
= 7.2× 10−6 cm−2s−1
(
σnucl
10−42 cm2
)(
10 GeV
mDM
)2
,
where AU is an astronomical unit. We note that there is
an important subtlety regarding the BDM flux from the
Sun, to which we will return shortly.
1 For a detailed discussion, please see [19].
3SIGNAL RATE
For a given BDM flux, one can estimate the total num-
ber of signal events as
Nsig = nXe V T σelec Φ
BDM
=
MdetT
mXe
× σelec × ΦBDM . (7)
Here nXe is the number density of xenon atoms in the
detector, Mdet and Vdet are the fiducial mass and volume
of the detector, T is the total operation time, and σelec
is BDM-electron scattering cross section. The exposure
MdetT for the XENON1T data presented in [1] is 0.65
tonne-years.
In order to explain the excess observed by XENON1T,
the number of the signal events needs to be O(10). This
translates to a BDM-electron scattering cross section of
σelec = 10
−28 cm2
(
10−6 cm−2s−1
ΦBDM
)(
Nsig
10
)
. (8)
This provides a rough prediction for the BDM-electron
scattering cross section.
Now, let us examine whether it is reasonable to expect
σelec as large as 10
−28 cm2. If a BDM particle scatters
with an electron through a vector mediator whose mass
is much larger than the typical momentum transfer, the
scattering cross section can be written as [20]
dσelec
dΩ
∝ g
2
BDMg
2
emBDMme
m4med
, (9)
where gBDM (ge) is the coupling between the mediator
and BDM (electron). The constraints on such a me-
diator with invisible decay can be found in [21]. As a
benchmark, consider gBDM = 1, ge = 10
−3, mBDM = 10
GeV, and mmed = 0.01 GeV, which results in σelec =
O(10−28) cm2. Thus, for reasonable parameter values, a
cross section as large as σelec = O(10−28) cm2 is easily
obtained2.
One important question for mildly boosted DM with
large σelec is whether the BDM can penetrate the Sun
after its production near the core. For a solar core density
of 150 g/cm3, the free streaming length in the Sun is
Lfs,S ' 1 m×
(
10−28 cm2
σelec
)
, (10)
and for each scattering the momentum transfer is O(10−
100) keV. With a solar core radius of 1.4 × 105 km, it
2 In semi-annihilation models, there is only one species of DM
particle, and the DM capture may be dominantly caused by DM-
electron scattering. This will modify the capture rate estimation
in Eq. (6).
FIG. 1: The energy spectrum of electrons for a benchmark
with mBDM = 10 GeV, vBDM = 0.06 c and σelec = 10
−27 cm2.
The dashed orange line represents the contribution from
BDM-electron scattering after including the energy resolution
and detection efficiency. The red line shows the total electron
energy distribution at XENON1T.
is unlikely that the BDM produced near the center of
the Sun will escape. Thus, if the XENON1T excess is
explained by BDM, the flux must be produced from the
Milky Way halo, as there would be no appreciable flux
from the Sun for the required BDM-electron scattering
cross section.
Similarly, let us also calculate how far the BDM can
propagate in Earth. Taking the average Earth density as
5.5g/cm3, the free streaming length in the Earth is
Lfs,E ' 60 m×
(
10−28 cm2
σelec
)
. (11)
The XENON1T experiment operates underground3 with
the depth about 1600 m. As discussed above, BDM has
a velocity of O(0.1) c. If every BDM-electron collision
reduces the BDM momentum by O(10 − 100) keV, a
BDM particle whose mass is smaller than O(10 − 100)
MeV may not be able to reach the detector, assuming
the benchmark BDM-electron scattering cross section at
10−28 cm2. Furthermore, if BDM propagates for a dis-
tance comparable to the Earth radius 6000 km, O(1−10)
GeV of momentum may be reduced. If the BDM mass is
below O(10 − 100) GeV, there is a large chance that it
cannot fully penetrate the Earth. This leads to a daily
modulation of the DM signal if the BDM flux is domi-
nantly from the GC4. This feature may provide an im-
portant handle to reduce various backgrounds and can
potentially be used as a smoking gun signature for BDM
discovery.
3 The average rock density above XENON1T is somewhat smaller
than the average Earth density quoted here. The average used
here is sufficient for the following order-of-magnitude estimates.
4 Such Earth shielding effect is under investigation in [23].
4ENERGY DEPOSITION DISTRIBUTION
Finally, we study the electron recoil energy distribution
at XENON1T resulting from BSM-electron scattering in
the benchmark scenario discussed above. The energy de-
position required to fit the excess is a ∼few keV, which is
much larger than the binding energy of an electron in a
xenon atom. Furthermore, the velocity of BDM particles
is O(0.1)c, which is also much larger than the orbital ve-
locity of an electron, thus it is safe to treat these electrons
as free particles.
In the limit mBDM  me, which is applicable in our
case, the electron recoil energy is Ee ≤ 2mev2BDM. The
corresponding differential cross section is approximately
a flat function, which can be written as
dσelec
dEe
= const×Θ(2mev2DM − Ee) , (12)
where Θ is the Heaviside step function.
To derive the expected signal at XENON1T, we con-
volute this differential cross section with a Gaussian of
width ∆ = 0.5 keV, corresponding to the detector energy
resolution in the ∼ keV region [24], and weight the cross
section by the detector efficiency [1].
In Fig. 1, we demonstrate how BDM-electron scatter-
ing can improve the fit to data. Here we choose as
a benchmark: mBDM = 10 GeV, vBDM = 0.06 c and
σelec = 10
−27 cm2. The BSM-electron scattering pro-
duces a bump (denoted by the orange dashed line) in the
electron recoiling energy spectrum5. The total electron
spectrum at XENON1T is given by the red line. For
the benchmark model under consideration, adding con-
tributions from BDN-electron scattering can provide an
excellent fit to data.
CONCLUSION
In this study, we explain the XENON1T excess re-
ported in [1] through BDM-electron recoils. Such an
interaction can be naturally introduced through a vec-
tor mediator whose mass is much larger than the typical
momentum transfer in the scattering. With reasonable
choices of parameters, cross sections of the magnitude
necessary to explain the excess can be easily obtained.
We consider two possible sources for to produce the BDM
flux: the GC/halo and the Sun. We find that the required
BDM-electron scattering cross section is large enough
that the BDM particles will not escape from the Sun.
5 When appropriately accounting for detector energy resolution
and efficiency, a cross section of σelec ≈ 10−27 cm2 produces a
signal consistent with the excess. Cross sections of this magni-
tude are easily obtained in BDM models.
Thus, if XENON1T is indeed observing BDM, it must
come from the GC or Milky Way halo.
In the limit where the BDM mass is much larger than
the electron mass, BDM with velocity O(0.1) c leads
to an energy deposition of O(1) keV. Because of such
a small energy deposition, DM direct detection experi-
ments are complementary to large volume neutrino ex-
periments from the perspective of BDM searches.
We also study the signal distribution as a function of
the electron recoil energy, assuming the interaction is in-
troduced by a vector mediator. We find that including
BDM-electron scattering can significantly improve the fit
to the data. We note that interactions induced by differ-
ent mediators have different transferred momentum and
relative velocity dependence. This can alter the differ-
ential cross section as a function of the recoiling energy,
which is an interesting direction to further explore in the
future.
Finally, we note that there are a few interesting possi-
bilities for distinguishing a BDM signal from various po-
tential backgrounds. As discussed above, the BDM flux
reaching the experiment may exhibit a daily modulation
due to the Earth’s shielding effect. Additionally, if future
directional DM direct detection experiments [25] are ca-
pable of resolving the direction of electron recoils, this
would offer another mechanism by which to distinguish
BDM scatterings from background.
Note added. – During the preparation of this work,
Ref. [26] appeared and also interpreted the XENON1T
excess using fast moving DM particles. The authors con-
sidered the sources as fast moving DM sub-haloes, so-
lar/earth captured semi-annihilating DM, or nearby ax-
ion stars. Compared to [26], we systematically examined
the BDM scenarios and carefully studied the BDM flux
from the GC and the Sun, pointing out several interest-
ing features and subtleties. We note that several of the
benchmarks provided in [26] are unlikely to be viable.
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